Abstract Heart failure is a syndrome whereby cardiac function is incapable of providing for the body's circulatory demands, resulting in hemodynamic and volumetric aberrations. Acute heart failure (AHF) is the condition where signs and symptoms of heart failure are present that require urgent intervention. In AHF impaired cardiac function progresses to hemodynamic congestion and eventually develops into a fluid overloaded state. These patients will typically present acutely for medical assistance, with signs and symptoms of fluid overload (dyspnea, paroxysmal nocturnal dyspnea, orthopnea, edema, etc.) and/or hypoperfusion (malaise, altered mental status, decreased urine output). In patients with AHF, volume assessment is a crucial step in the initial diagnosis.
Introduction
Although cardiac pressures are pivotal in understanding hemodynamics they often require admission to higher level facilities before they can be assessed accurately. Diagnosis of acute heart failure (AHF) may not be straightforward as patients may have other medical conditions which can confound the diagnostic picture (renal failure, liver disease, obesity, infection etc.). Although the clinical picture may be unclear, in patients suspected of heart failure, it is important to identify the volume status during the initial examination [1] . 1 Furthermore, volume assessment is pivotal in determining the mode and extent of volume reduction required.
There are multiple modes of volume assessment. Though some are more direct in their assessment than others, even indirect modalities, when used appropriately and in the proper context, are useful surrogates and give important information for clinical decision making. Considerations such as, time, costs, accuracy, radiation and availability effect the mode(s) of assessment selected. Although this chapter's primary aim is volume assessment, pressure and volume are intrinsically linked, thus attempts to talk about volume assessment without mentioning pressure assessment would be simplistic. Unfortunately, an in-depth discussion on hemodynamic monitoring exceeds the scope of this chapter and only current selected methods of volume assessment for AHF patients will be discussed.
Pathophysiology

Volume Overload in AHF
In AHF, myocardial impairment results in decreased diastolic or systolic function which is insufficient to maintain adequate perfusion to existing distal vascular resistance (the 'afterload'). This creates a backlog of fluid-volume and elevated ventricular filling pressures, which propagates into the lungs in left heart failure or systemically in right heart failure. In the kidney, the renal perfusion gradient diminishes as arterial pressures decreases and venous pressure increases from reduced cardiac output. Urine production is impaired and fluid is retained. Low renal perfusion can damage renal parenchyma which exacerbates kidney impairment. In patients with chronic heart failure, poor cardiac output leads to compensatory activation of the neurohormonal and renin-angiotensin-aldosterone system. As a result of high levels of aldosterone, patients may retain fluids. Lastly, there can be an inappropriate release of arginine vasopressin which up-regulates passive reabsorption of water in the kidney's collecting ducts [2] .
Central Venous Pressure and Cardiac Catheterization
Central venous pressures (CVP) and cardiac catheterizations are used to optimize heart failure therapy, especially for cases of heart failure refractory to mainstay management. Pressure measurements are mainly done in settings with enhanced facilities by experienced physicians. Right heart catheterizations produce information about right atrial pressures and ventricular filling pressures, and SwanGanz catheterizations produce pulmonary capillary wedge pressures (PCWP) as a proxy for left atrial pressures. Delineating the etiology of the pressure rise can be complex; it can be unclear whether retention of fluids increases cardiac pressures or whether increased pressures cause a backlog of fluids. Furthermore, it is possible to have symptoms from pressure overload (e.g., j-receptor excitation), without evidence of vascular congestion. Although catheterization and CVP measurements are surrogate volume assessments, they are established methods of optimizing cardiac output and managing both preload and afterload reduction.
Methods of Volume Assessment
The Gold Standard: Dilution Tracer Studies
The gold standard for volume assessment is radioisotope dilution studies. After injecting a known volume and concentration of radioisotope tracer and allowing adequate time for equilibration, various volumes can be calculated (using different isotopes for the space in question). For calculation of total body water, heavy water (oxygen and hydrogen isotopes) are used. The lower the final concentration of radioisotope, the larger is the volume in question. Long equilibration times (4-6 h), costs of materials, cost of the measurement equipment, trained technicians, and exposure to radiation have made dilution studies clinically unsuitable for conditions with rapidly changing volumes such as AHF.
Clinical Exam
History and Physical
Depending on the experience of the physicians, eliciting the appropriate signs/symptoms of AHF may be difficult [3] . Patients with fluid overload from left heart failure may present with respiratory symptoms/signs such as dyspnea, orthopnea, paroxysmal nocturnal dyspnea, rales, audible third heart sound (S3). Patients with right heart failure may present with more systemic manifestations (swelling, jugular venous distension, abdominal jugular reflex, S3). A meta-analysis by Wang et al., examined the utility of clinical examination in predicting the presence of heart failure. Among the clinical symptoms (dyspnea on exertion, paroxysmal nocturnal dyspnea, orthopnea, edema), dyspnea on exertion had the highest sensitivity comparatively (see Table 1 ) [4] . Amongst clinical signs of volume overload, the abdominal jugular reflex, jugular venous distension and S3 had good specificity for AHF, but unfortunately lacked sensitivity (see Table 1 ) [4] . Rales and lower extremity edema were more sensitive and specific [4] . In general, when present, a positive clinical exam is useful; but a negative clinical exam cannot rule out the possibility of heart failure. Particularly in a loud and rushed environment (i.e., the ED) the signs and symptoms are not the most reliable method of assessment.
Acoustic Cardiography
Acoustic cardiography was developed to amplify and provide a readable signature of heart sounds intrinsically linked to the electrocardiogram. Since the S3 has a high specificity, acoustic cardiography has a potential in the evaluation of potential heart failure patients. In patients who had a right heart catheterization, the use of acoustic cardiography predicted a PCWP C15 mmHg (c-stat 0.76) [5] . The Heart Failure and Audicor Technology for Rapid Diagnosis and Initial Treatment (HEARD-IT) trial investigated the use of acoustic cardiography S3 in 995 dyspneic patients and found that for acoustic cardiography the S3 had a sensitivity of 40.2 % and a specificity of 88.5 % [6] . Although it has low sensitivity, acoustic cardiography S3 was not found to change the diagnostic accuracy for AHF [6] . In the subset of patients with slightly to moderately raised brain natriuretic peptide (BNP) (between 100 and 499 pg/mL), acoustic cardiography improved the accuracy of AHF diagnosis from 47 to 69 % [7] .
Laboratory Tests
General
The majority of blood results are poor indicators of volume status. Sodium and hemoglobin may be decreased from long standing activation of aldosterone leading to hemodilution but there are many other causes of hyponatremia and anemia to be considered [8] , apart from a fluid overload state. Regardless, in the setting of AHF, their presence is more of an indicator of a poor prognosis [9] [10] [11] rather than severity of fluid overload. Likewise, urea and creatinine levels may be elevated in response to impaired kidney function from decreased perfusion (e.g., low cardiac output state). Depending on the clinical scenario, such elevations can be associated with a hypervolemia, hypovolemia, and euvolemia.
Natriuretic Peptides
Natriuretic peptides are elevated in the blood in response to cardiac stress. The BNP is the most commonly available. They serve not only as markers of heart strain but also as neurohormones promoting natriuresis and diuresis. They have high positive predictive value for AHF but do not entirely correlate with the volume status of a patient. Irrespective of volume status, natriuretic peptides may be elevated to varying degree in the elderly and in renal failure; while they may be inappropriately depressed in obese patients. A small pilot study by James et al., looked at blood volume and BNP values for ten CHF patients with pulmonary catheterization. The patients had an expanded blood volume approximately 30 % more than baseline [12] . The pre-treatment and post-treatment BNP had poor correlation with blood volume (correlation factor r = -0.127 and -0.126, respectively) [12] . Another pilot study by Kazanegra et al., demonstrated that decreasing PCWP was correlated with dropping BNP levels (r = 0.79). The BNP and NT-proBNP have been investigated in other volume-overloaded states. A study of 31 dialysis patients without evidence of cardiac failure found that BNP and NT-proBNP values decreased with hemodialysis [13] . This drop did not correlate with the post hemodialysis fluid removal or weight decrease [13] . In another small study, Giglioli et al., assessed 15 patients with congestive heart failure undergoing slow continuous ultrafiltration. Fluid removal was associated with decreased pro-BNP levels and clinical improvement [14] . Overall, an elevated natriuretic peptide level is of concern and should be collaborated with the clinical context in determining whether fluid retention is present.
Imaging
Chest Radiography
The chest radiograph is a common and convenient method to assess for accumulation of fluid within the lungs. It is cheap and readily available in almost all institutions. Patients with certain classically radiographic signs (pulmonary vascular redistribution, Kerley B lines, alveolar edema, pleural effusions, and bilateral infiltrates) [15] are likely to be retaining fluids in the lungs and, with an appropriate history, they are highly specific for AHF. In fact, for the dyspneic ED patient, while increased distribution and flow to the superior pulmonary vessels (cephalization), interstitial edema and alveolar edema had poor sensitivity (41, 27, and 6 %, respectively) for AHF, it was highly specific (96, 98, and 99 %, respectively) (see Table 2 ) [16] . When found on chest radiography, cardiomegaly does not in itself imply retention of fluids, yet it indicates history of heart failure, and provides a possible etiology for the fluid overloaded state. The Acute Decompensated Heart Failure National Registry (ADHERE) demonstrated that about 19 % of AHF patients presenting to the ED will have an apparently normal chest radiograph, and up to 10 % of non-AHF patients admitted from the ED had a positive chest radiograph [17 • ]. Vascular pedicle width (VPW) is the horizontal distance from the exit point of the left subclavian artery from the aortic arch to the intersection of the SVC and the right mainstem bronchus [18] . Although the number of studies of VPW and fluid overload is limited and numerical normal values have not been fully established, a meta-analysis by Wang et al. [18] found that for volume overloaded patients the VPW for erect and supine patients was 52.2 and 71.1 mm respectively, and overall the VPW was strongly correlated with volume overload (r = 0.81, p = 0.80). Studler et al. [19] , however, found that the diagnostic accuracy of supine VPW's in isolation for determining heart failure was moderate at best (c-stat 0.461).
Echocardiography
Two-dimensional echocardiography is useful in determining the cardiac function as well as looking at cardiac anatomy. Although it displays a two dimensional image of the heart, it can assess for chamber dilation and can suggest the presence of cardiac fluid overload. Several algorithms have been developed to approximate fluid volume. The three dimensional echocardiogram largely avoids the use of algorithms and has been found to be more precise in the evaluation of end diastolic and end-systolic volumes as well as ejection fraction approximation [20] . Three dimensional echocardiograms of the right atrial volume index correlate with right atrial pressures (r = 0.51, p \ 0.001) and high right atrial volume index (C35 mL/m 2 ) is predictive of right atrial pressures [10 mmHg [21] . Despite being useful for evaluation of AHF, echocardiography still underestimates ventricular volumes compared to cardiac MRI [22] . Serial echocardiography can provide insight into the response to preload reduction through improvement of cardiac function.
Ultrasonography
Aside from echocardiography, ultrasonography has been implemented to assess fluid status based on imaging of the lung fields and the inferior vena cava (IVC).
Ultrasound Lung Comets Extravascular lung volume may be assessed by ultrasonography of the anterior chest between the second and fifth intercostal space looking for signs of interlobular septal fluid called ultrasound lung comets (ULCs) [23] . This technique is easily learned (learning curve of \10 examinations) and quick to perform (\3 min) [23] . In post cardiac surgery patients, presence of ULCs correlated with an increase in wedge pressure (r = 0.48, p = 0.01) [24] as well as presence of radiologic evidence of fluid overload (r = 0.60, p = 0.0001) [24] . Additionally, for dyspneic patients, the number of ULC was highly correlated to NT-proBNP (r = 0.69, p \ 0.0001) and was good at predicting cardiogenic dyspnea (c-stat 0.893, p = 0.001) [25] . The number of ULCs was associated with the New York Heart Association class (OR = 2.1, CI = 1.4-2.9) and the degree of diastolic dysfunction (OR = 2.438, CI = 1.418-4.190) [26] . A small study of HF patients with intracardiac defibrillator, by Maines et al. [27] showed that, in HF patients with ICD, that having C5 ULCs during regular follow-up had a sensitivity of 83 % and positive predictive value 91 % for clinical HF deterioration. In addition, having a higher degree of extravascular lung water as assessed by ULCs connotes a poor prognosis. Patients with no ULCs had a three-fold improvement in a 16 month event-free survival compared to patients with many ([30) ULCs (70 vs. 19 %, p = 0.0007) [28] . The utility of ULCs is still being investigated, but currently it has not gained clinical popularity.
Inferior Vena Cava Measurements Another method of assessing fluid status is by ultrasound of the IVC. The IVC is in direct communication with the right atrium through which pressure and volume can propagate. In volumeoverloaded states the diameter of the IVC expands while the collapsibility diminishes. Measurement is taken within 2.0 cm of the IVC and right atrial junction [29] . The maximum and minimum diameter is defined as the largest and smallest diameter of the IVC during a passive respiratory cycle. In patients with fluid overload (e.g., CHF) variation with respiration is diminished or absent [30] . In a study of patients referred for a right heart catheterization, a hand-carried ultrasonography was performed looking at the IVC diameter. It found that a maximum IVC diameter of 2.1 cm was predictive of having a PCWP C15 mmHg (c-stat 0.89) [31] . Moreover, among 102 patients undergoing right heart catheterization, the IVC minimum and maximum diameter during passive respiration correlated with right atrial pressures (r = 0.50-0.60) [29] . Additionally, an IVC maximum diameter of 2.0 cm and a minimum diameter of 1.5 cm could predict a right atrial pressure of C10 mmHg (c-stat 0.76 and 0.88, respectively) [29] . Thus, a maximum IVC diameter of 2.0 cm had a sensitivity and specificity of 73 and 85 % while a minimum IVC diameter of 1.5 cm had a sensitivity and specificity of 91 and 79 % [29] . Lastly, patients admitted for HF with larger IVC size had an increased 30-day readmission rate [32] .
The IVC collapsibility index (IVC-CI) is defined as the difference between the maximum and the minimum IVC diameter all divided by the maximum IVC diameter. It is thought to decrease with increasing vascular congestion, and in patients, as mean CVP decreases, the IVC-CI increases (p = 0.023) [33] . In patients with suspected right heart failure, a low IVC-CI (0.22) had a sensitivity and specificity for right heart failure of 78 and 98 %, respectively [34] . Also, the IVC-CI has been used to follow acute volume changes. Patients undergoing ultrafiltration with a total ultrafiltrate production of 5,780 mL, had a significantly increased IVC-CI (p \ 0.001), while there was no change in mean arterial pressures, heart rate, or the IVC diameter [35] .
Bioimpedance
Bioimpedance uses a small electrical current (of various frequencies) to measure the inherent resistance and reactance between placed electrodes. Higher fluid content results in lower resistance and reactance values. There are a wide variety of bioimpedance devices and multiple modes of measurements. Impedance cardiography interprets this principle in order to calculate the hemodynamics (systemic vascular resistance, cardiac output, etc.). Bioimpedance analysis (BIA) indirectly measures fluid content between electrodes. It can be used to calculate total body water or water within a body segment. There are bioimpedance devices that are extracorporeal and those that are implanted along with intracardiac devices.
Bioimpedance Analysis, Bioimpedance Vector Analysis, and Bioimpedance Spectroscopy
The BIA has been well established to be strongly correlated with total body water (r = 0.996) as assessed by deuterium labeled water [36] . It utilizes a non-invasive technique which places external electrodes on the hands and/or feet in order to attain the most accurate results, the position of the patient is supine with the hands 30°away from the body and feet 45°apart. This is limiting in cases where patients are not able to lie flat (orthopnea, severe back pain) or where bed sizes may be limited (small beds, obese patients). In addition, single frequency bioimpedance is not capable of differentiating extracellular from intracellular fluids. Whole body BIA has been used in differentiating dyspnea in AHF and non-AHF patients. In 292 dyspneic patients presenting to the ED, patients with AHF were found to have lower whole body (402.3 vs. 513.2 X) and segmental (35.5 vs. 66.4 X) resistance [37] . Both segmental and whole body BIA had a significant correlation with BNP values [37] and patients undergoing diuretic therapy for heart failure had a significant increase in resistance and reactance post therapy [38, 39] . Finally, a study by Paterna et al., found that BIA could be used to monitor resolution of fluid overload in heart failure patients [39] .
Similar to BIA, bioimpedance vector analysis (BIVA) has also been investigated as volume assessment tool in AHF. The BIVA plots height standardized reactance and resistance values to determine volume status based from previous population data. In addition, BIVA is capable of giving a calculated hydration state (%). In patients with AHF undergoing 72 h of diuretic therapy, BIVA's hydration status was successful in monitoring diuresis and helped identify patients who attained their ''dry weight'' [40] . In patients who had an average hydration value[80.5 % there was an increase likelihood for death or rehospitalization for cardiogenic event (?LR 4.6, p = 0.04) [40] . Another variation to BIA is bioimpedance spectroscopy (BIS), which uses 50 frequencies from 5 to 1,000 kHz to calculate impedance and hydration values. The advantage is that in addition to total body water, the extracellular and intracellular components can be measured. The BIS has been predominantly used for hemodialysis in attaining dry weight [41] , and, at present, there are few if any studies that investigates the utility of BIS in AHF.
Intrathoracic Impedance
Presently certain intracardiac devices have used bioimpedance to detect accumulation of lung and/or thoracic fluids. In this manner the goal of intrathoracic impedance is to identify patients at risk for decompensation before an overt episode of AHF. By monitoring the intrathoracic impedance values (alerts set to a predefined threshold), patients with congestive heart failure at risk for decompensating within the next 30 days could be identified [42] . In SENSE-HF, bioimpedance predicted hospitalization for heart failure with a sensitivity of 42.1 % [43] . A study by Catanzariti et al. [44] found if therapy was adjusted in view of the alerts, heart failure hospitalizations could be reduced in patients with alerts compared to without alerts (7 vs. 20 %, p \ 0.001).
Other studies have established that intrathoracic impedance and audible alerts actually increased hospitalization (hazard ratio 1.79, p = 0.022) compared to the controls [45] . This finding might be from improper hospitalization from overreaction to the alert itself. Further studies are needed to expound on the rationale for the difference between these studies.
Summary
• Although certain clinical exam symptoms and signs are predictive of fluid overload, they are not always present and their sensitivities are low.
• Acoustic Cardiography of S3 can improve the pickup rate and may increase the sensitivity for the detection of the S3 heart sound.
• Chest radiography looking for signs of fluid overload remains part of the in hospital standard of care, yet signs are not always present and may lag behind clinical symptoms by several hours.
• Natriuretic peptides such as BNP are an indicator of cardiac stress and tend to be elevated in fluid overload states, but do not completely correlate with fluid-volume status. They are a good indicator of poor prognosis for the patient.
• Ultrasound technology is used to approximate cardiac chamber volume and to assess volume status through detecting thoracic fluid in the lungs (lung comets) or measuring IVC diameter.
• Bioimpedance technology is a promising non-invasive means of volume assessment, which may be implemented intra and extrathoracically. More research is required.
Conclusion
Fluid-volume assessment is a crucial part of the clinical evaluation and management of AHF. Multiple methods of volume assessment exist that are becoming increasingly accurate. Minimally or non-invasive forms of volume assessment are emerging that are readily available in several institutions around the world. These include natriuretic peptides, imaging studies, and bioimpedance. Regardless of the technology, these results must be incorporated into the overall clinical picture.
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